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(57) ABSTRACT 

A method for determining a pose of a user is provided 
including the steps of capturing a video image sequence of 
an environment including at least one coded marker; detect 
ing if the coded marker is present in the video images; if the 
marker is present, extracting feature correspondences of the 
coded marker; determining a code of the coded marker using 
the feature correspondences; and comparing the determined 
code With a database of predetermined codes to determine 
the pose of the user. According to an embodiment, the coded 
marker includes four color blocks arranged in a square 
formation and the determining a code of the at least one 
marker further includes determining a color of each of the 
four blocks. According to another embodiment, the marker 
includes a coding matrix and a code of the marker being 
determined by numbered squares of the coding matrix being 
covered by a circle. 
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CODED VISUAL MARKERS FOR TRACKING AND 
CAMERA CALIBRATION IN MOBILE 

COMPUTING SYSTEMS 

PRIORITY 

[0001] This is a divisional application of an application 
entitled “CODED VISUAL MARKERS FOR TRACKING 
AND CAMERA CALIBRATION IN MOBILE COMPUT 
ING SYSTEMS” ?led in the United States Patent and 
Trademark Office on Oct. 2, 2002 and assigned Ser. No. 
10/262,693, Which claims priority to an application entitled 
“DESIGN CODED VISUAL MARKERS FOR TRACK 
ING AND CAMERA CALIBRATION IN MOBILE COM 
PUTING SYSTEMS” ?led in the United States Patent and 
Trademark Office on Oct. 4, 2001 and assigned Ser. No. 
60/326,960, the contents of Which are hereby incorporated 
by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to computer 
vision systems, and more particularly, to a system and 
method for tracking and camera calibration in a mobile 
computing system using coded visual markers. 

[0004] 2. Description of the Related Art 

[0005] In certain real-time mobile computing applications, 
it is crucial to precisely track the motion and obtain the pose 
(i.e., position and orientation) of a user in real-time, also 
knoWn as localiZation. There are several methods currently 
available to carry out the localiZation. For example, in 
augmented reality (AR) applications, magnetic or/and iner 
tia trackers have been employed. HoWever, it is not unusual 
that the performance of magnetic and inertia trackers are 
limited by their oWn characteristics. For example, the mag 
netic trackers are affected by the interference of nearby 
metal structures and the currently available inertia trackers 
can only be used to obtain information on orientation and are 
usually not very accurate in tracking very sloW rotations. 
Additionally, infrared trackers have been employed but 
these devices usually require the Whole Working area or 
environment to be densely covered With infrared sources or 
re?ectors, thus making them not suitable for a very large 
Working environment. 

[0006] Vision-based tracking methods have been used 
With limited success in many applications for motion track 
ing and camera calibration. Ideally, people should be able to 
track the motion or locate an object of interest based only on 
the natural features of captured scenes, i.e., vieWed scenes, 
of the environment. Despite the dramatic progress of com 
puter hardWare in the last decade and a large effort to 
develop adequate tracking methods, there is still not a 
versatile vision-based tracking method available. Therefore, 
in controlled environments, such as large industrial sites, 
marker-based tracking is the preferred method of choice. 

[0007] Current developments of computer vision-based 
applications are making use of the latest advances in com 
puter hardWare and information technology (IT). One such 
development is to combine mobile computing and aug 
mented reality technology to develop systems for localiZa 
tion and navigation guidance, data navigation, maintenance 
assistance, and system reconstruction in an industrial site. In 
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these applications, a user is equipped With a mobile com 
puter. In order to guide the user to navigate through the 
complex industrial site, a camera is attached to the mobile 
computer to track and locate the user in real-time via a 
marker-based tracking system. The localiZation information 
then can be used for database access and to produce immer 
sive AR vieWs. 

[0008] To be used for real-time motion tracking and 
camera calibration in the applications described above, the 
markers of a marker-based tracking system need to have the 
folloWing characteristics: (1) su?icient number of codes 
available for identi?cation of distinct markers; (2) methods 
available for marker detection and decoding in real-time; 
and (3) robust detection and decoding under varying illu 
mination conditions, Which ensures the applicability of the 
marker in various environments. 

SUMMARY OF THE INVENTION 

[0009] According to one aspect of the present invention, a 
method for determining a pose of a user is provided includ 
ing the steps of capturing a video image sequence of an 
environment including at least one coded marker; detecting 
if the at least one coded marker is present in the video 
images; if the at least one marker is present, extracting 
feature correspondences of the at least one coded marker; 
determining a code of the at least one coded marker using 
the feature correspondences; and comparing the determined 
code With a database of predetermined codes to determine 
the pose of the user. 

[0010] According to another aspect of the present inven 
tion, the at least one coded marker includes four color blocks 
arranged in a square formation and the determining a code 
of the at least one marker further includes determining a 
color of each of the four blocks. 

[0011] According to a further aspect of the present inven 
tion, the detecting step further includes applying a Watershed 
transformation to the at least one coded marker to extract a 
plurality of closed-edge strings that form a contour of the at 
least one marker. 

[0012] According to another aspect of the present inven 
tion, the at least one marker includes a coding matrix 
including a plurality of columns and roWs With a numbered 
square at intersections of the columns and roWs, the coding 
matrix being surrounded by a rectangular frame and a code 
of the at least one marker being determined by the numbered 
squares being covered by a circle. The coding matrix 
includes m columns and n roWs, Where m and n are Whole 

number, resulting in 3><2mxn_4. 

[0013] According to a further aspect of the present inven 
tion, a system is provided including a plurality of coded 
markers located throughout an environment, each of the 
plurality of coded markers relating to a location in the 
environment, codes of the plurality of coded markers being 
stored in a database; a camera for capturing a video image 
sequence of the environment, the camera coupled to a 
processor; and the processor adapted for detecting if at least 
one coded marker is present in the video images, if the at 
least one marker is present, extracting feature correspon 
dences of the at least one coded marker, determining a code 
of the at least one coded marker using the feature corre 
spondences, and comparing the determined code With the 
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database to determine the pose of the user. In one embodi 
ment, the at least one coded marker includes four color 
blocks arranged in a square formation and a code of the at 
least one marker being determined by a color sequence of 
the blocks. In another embodiment, the at least one marker 
includes a coding matrix including a plurality of columns 
and roWs With a numbered square at intersections of the 
columns and roWs, the coding matrix being surrounded by a 
rectangular frame and a code of the at least one marker being 
determined by the numbered squares being covered by a 
circle. 

[0014] In a further aspect, the camera and processor are 
mobile devices. 

[0015] In another aspect, the system further includes a 
display device, Wherein the display device Will provide to 
the user information relative to the location of the at least 
one marker. Additionally, Wherein based on a ?rst location 
of the at least one marker, the display device Will provide to 
the user information to direct the user to a second location. 

[0016] In yet another aspect, the system further includes 
an external database of information relative to a plurality of 
items located throughout the environment, Wherein When the 
user is in close proximity to at least one of the plurality of 
items, the processor provides the user With access to the 
external database. Furthermore, the system includes a dis 
play device for displaying information of the external data 
base to the user and for displaying virtual objects overlaid on 
the at least one item. 

[0017] In a further aspect, the system includes a head 
mounted display for overlaying information of the at least 
one item in a vieW of the user. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0018] The above and other objects, features, and advan 
tages of the present invention Will become more apparent in 
light of the folloWing detailed description When taken in 
conjunction With the accompanying draWings in Which: 

[0019] FIG. 1 is a block diagram ofa system for tracking 
a user according to an embodiment of the present invention; 

[0020] FIGS. 2(A) through 2(C) are several vieWs of color 
coded visual markers used for tracking a user in an envi 
ronment according to an embodiment of the present inven 
tion; 

[0021] FIG. 3 is a ?owchart illustrating a method for 
detecting and decoding the color coded visual markers of 
FIG. 2; 

[0022] FIG. 4 is an image of a marker shoWing feature 
correspondences and lines projected onto the image to 
determine edges of the four blocks of the color coded visual 
marker; 

[0023] FIGS. 5(A) through 5(C) are several vieWs of 
black/White matrix coded visual markers used for tracking a 
user in an environment according to another embodiment of 
the present invention; 

[0024] FIG. 6 is a ?owchart illustrating a method for 
detecting and decoding the black/White matrix coded visual 
markers of FIG. 5; 
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[0025] FIG. 7 is an image of a marker depicting the 
method used to extract a corner point of the matrix coded 
visual marker according to the method illustrated in FIG. 6; 
and 

[0026] FIG. 8 is a diagram illustrating the interpolation of 
marker points of a black/White matrix coded visual marker 
in accordance With the present invention. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0027] Preferred embodiments of the present invention 
Will be described herein beloW With reference to the accom 
panying draWings. In the folloWing description, Well-knoWn 
functions or constructions are not described in detail to 
avoid obscuring the invention in unnecessary detail. 

[0028] The present invention is directed to coded visual 
markers for tracking and camera calibration in mobile 
computing systems, systems employing the coded visual 
markers and methods for detecting and decoding the mark 
ers When in use. According to one embodiment of the 
present invention, color coded visual markers are employed 
in systems for tracking a user and assisting the user in 
navigating a site or interacting With a piece of equipment. In 
another embodiment, black and White matrix coded visual 
markers are utiliZed. 

[0029] Generally, the marker-based tracking system of the 
present invention includes a plurality of markers placed 
throughout a Workspace or environment of a user. Each of 
the markers are associated With a code or label and the code 
is associated With either a location of the marker or an item 
the marker is attached to. The user directs a camera, coupled 
to a processor, to one or more of the markers. The camera 

captures an image of the marker or markers and determines 
the code of the markers. It then uses the codes to extract 
information about the location of the markers or about items 
in the close proximity to the markers. 

[0030] It is to be understood that the present invention 
may be implemented in various forms of hardWare, soft 
Ware, ?rmWare, special purpose processors, or a combina 
tion thereof. In one embodiment, the present invention may 
be implemented in softWare as an application program 
tangibly embodied on a program storage device. The appli 
cation program may be uploaded to, and executed by, a 
machine comprising any suitable architecture such as that 
shoWn in FIG. 1. Preferably, the machine 100 is imple 
mented on a computer platform having hardWare such as one 
or more central processing units (CPU) 102, a random 
access memory (RAM) 104, a read only memory (ROM) 
106, input/output (I/O) interface(s) such as keyboard 108, 
cursor control device (e. g., a mouse) 110, display device 112 
and camera 116 for capturing video images. The computer 
platform also includes an operating system and micro 
instruction code. The various processes and functions 
described herein may either be part of the micro instruction 
code or part of the application program (or a combination 
thereof) Which is executed via the operating system. In 
addition, various other peripheral devices may be connected 
to the computer platform such as an additional data storage 
device 114 and a printing device. Preferably, the machine 
100 is embodied in a mobile device such as a laptop 
computer, notebook computer, personal digital assistant 
(PDA), etc. 
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[0031] It is to be further understood that, because some of 
the constituent system components and method steps 
depicted in the accompanying ?gures may be implemented 
in software, the actual connections betWeen the system 
components (or the process steps) may dilfer depending 
upon the manner in Which the present invention is pro 
grammed. Given the teachings of the present invention 
provided herein, one of ordinary skill in the related art Will 
be able to contemplate these and similar implementations or 
con?gurations of the present invention. 

[0032] FIGS. 2(A) through 2(C) are several vieWs of color 
coded visual markers used for tracking a user in an envi 
ronment according to an embodiment of the present inven 
tion. The color based markers Work Well for relatively 
simple cases under friendly illuminative conditions. Each of 
these markers 202, 204, 206 includes four square blocks of 
either black or color. To simplify the marker detection and 
color classi?cation, the color of the color blocks is limited 
to be one of the three primitive colors (i.e., red, green, and 
blue). 

[0033] Referring to FIG. 2(A), the four blocks 208, 210, 
212, 214 are centered at the four corners points of an 
invisible square 216, shoWn as a dashed line in FIG. 2(A). 
To determine the orientation of a marker, at least one and at 
most three of the four blocks of a marker are White patched 
218. If there are tWo White patched blocks in one marker, the 
tWo blocks are preferably next to each other (not in diagonal) 
to ensure that there Will be no confusion in determining the 
orientation. 

[0034] The marker 202 is coded by the colors of the four 
blocks 208, 210, 212, 214 and the number of White patched 
blocks. For marker coding, the color coded visual markers 
use ‘r’ for red, ‘g’ for green, ‘b’ for blue, and ‘d’ for black. 
The order of the code is clockWise from the ?rst White 
centered block 208, Which is the block at the upper-left, and 
Will include a letter for each color of the representative 
block. (Note, the loWer-left block is preferably not White 
patched and at most the marker Will include three White 
patched blocks). The number at the end of the code is the 
number of White patched blocks of the corresponding 
marker. For example, the marker shoWn in FIG. 2(A) is 
coded as drdr1 (block 208 is black, block 210 is red, block 
212 is black and block 214 is red), the marker shoWn in FIG. 
2(b) is coded as rgbd2 (block 220 is red, block 222 is green, 
block 224 is blue and block 226 is black), and the marker 
shoWn in FIG. 2(C) is coded as dddd3 (blocks 228, 230, 232 
and 234 are all black). Therefore, a color coded marker 
system according to an embodiment of the present invention 
can have 3><44=768 different color markers. 

[0035] With reference to FIG. 3, a method for detecting 
and decoding a color coded visual marker of an embodiment 
of the present invention Will be described. 

[0036] Initially, a user equipped With a mobile computer 
having a camera coupled to the computer Will enter a 
Workspace or environment that has the color coded markers 
placed throughout. A video sequence of the environment 
including at least one marker Will be captured (step 302) to 
acquire an image of the marker. A Watershed transformation 
is applied to the image to extract closed-edge strings that 
form the contours of the marker (step 304). Since the 
markers are using the three primitive colors for marker 
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coding, the Watershed transformation need be applied to the 
tWo color components from RGB With the loWer intensities 
to extract the color blocks. 

[0037] In step 306, strings Which are less than a predeter 
mined value for representing a square block in a marker are 
eliminated. Then, the closed-edge strings are grouped based 
on the similarity of their lengths. The four strings that have 
the least maximum mutual distance Will be put in one group 
(step 308). The maximum mutual distance among a group of 
N closed-edge strings is de?ned as folloWs: 

Where, léiéN, léj EN, and i#j,di,j is the distance betWeen 
the Weight center of string i and the Weight center of string 
j; S represent the set of did- for all eligible i and j. The four 
Weight centers of the strings in each group are used as 
correspondences of the centers of the four blocks of a marker 
to compute a ?rst estimation of a homography from the 
marker model plane to the image plane (step 310). The 
homography is used to project eight straight lines to form the 
four blocks of the marker as shoWn in FIG. 4 (step 312). 
These back projected lines are then used as an initialiZation 
to ?t straight lines on the image plane. The cross points of 
these straight lines are taken as the ?rst estimation of the 
correspondences of the comer points of the marker. 

[0038] Along the ?rst estimated edges, a l-D Canny edge 
detection method, as is knoWn in the art, (in the direction 
perpendicular to the ?rst estimated edges) is used to locate 
accurately the edge points of the square blocks (step 314). 
Then, the eight straight lines ?tted from these accurate edge 
points are used to extract the feature correspondences, i.e., 
corner points, of the marker With sub-pixel accuracy. Once 
the corner points of the marker are extracted along With the 
edge points of the square blocks, the blocks of the marker 
can be de?ned and each block can be analyZed for its color. 

[0039] To determine the color of the blocks of the marker 
(step 316), the average values of the red, green, and blue 
component (denoted as R, G, and B) of all the pixels inside 
the block (the White patch area excluded) are measured. 
Then, the intensity I, hue H, and saturation S of the averaged 
block color is computed as folloWs: 

0.5[(R - G) - (R - 3)] 

[0040] The color of the corresponding square block is then 
determined by the values of I, H, and S as folloWs: if lélthr, 
the color is black; else, if S i Sthr, the color is still black; else, 
if 0§H<2J1:/3, the color is red; if 2J1:/3§H<4J1:/3, the color is 
green; if 475/3 §H<2rc, the color is blue. Here, ILhr and SLhr are 
user adjustable thresholds. 

[0041] Once the color of each block of a marker is 
determined, the code for the marker is derived as described 
above (step 318), for example, drdr1. Once the code has 
been determined, the code can be matched against a database 
of codes, Where the database Will have information related 
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to the code (step 320) and the pose of the marker can be 
determined. For example, the information may include a 
location of the marker, a type of a piece of equipment the 
marker is attached to, etc. 

[0042] By applying these color coded visual markers in 
real-time tracking and pose estimation fast real-time marker 
detection and extraction of correspondences can be 
achieved. The color coded visual markers provide up to 16 
accurate correspondences available for calibration. Addi 
tionally, by taking the cross points of the color block, the 
correspondences of the four center points of the blocks can 
be located With higher accuracy, Where four points provides 
the least correspondences for computing the homography 
resulting in faster processing. 

[0043] FIGS. 5(A) through 5(C) are several vieWs of 
matrix coded visual markers used for tracking a user in an 
environment according to another embodiment of the 
present invention. Using the black/White matrix coded mark 
ers can avoid the problems caused by instability of color 
classi?cation under unfriendly lighting conditions. 

[0044] Referring to FIG. 5(a), a black/White matrix coded 
marker 502 is formed by a thick rectangular frame 504 and 
a coding matrix 506 formed by a pattern of small black 
circles 508 distributed inside the inner rectangular of the 
marker. For example, the markers shoWn in FIGS. 5(A)-(C) 
are coded With a 4x4 coding matrix. 

[0045] The marker 502 With a 4x4 coding matrix is coded 
using a 12-bit binary number With each bit correspond to a 
numbered position in the coding matrix as shoWn in FIG. 
5(A). The 4 comer positions labeled ‘a’, ‘b’, ‘c’, and ‘d’ in 
the coding matrix are reserved for a determination of marker 
orientation. If the corresponding numbered position is cov 
ered by a small black circle, then the corresponding num 
bered bit of the 12-bit binary number is 1, otherWise it is 0. 
The marker is thus labeled by the decimal value of the 12-bit 
binary number. 

[0046] To indicate uniquely the orientation of marker 502, 
the position labeled a is alWays White, i.e., a=0, While the 
position labeled d is alWays covered by a black circle, d=1. 
In addition, in the case that b is black, then c has to be also 
black. A letter is added to the end of the marker label to 
indicate one of the three combinations: a for (a=0, b=1, c=1, 
d=1), b for (a=0, b=0, c=1, d=1), and c for (a=0, b=0, c=0, 
d=1). Therefore, for a 4x4 coding matrix, there can be up to 
3x12l2=12,288 distinct markers. Using a 5x5 coding matrix, 
there can be up to 3x22l=6,291,456 distinct markers. Gen 
erally, using a m><n coding matrix, a black/White matrix 
coded visual marker system of an embodiment of the present 
invention can have 3><2m"“_4 markers. For some of the 
applications that need only a much smaller number of 
markers than the coding capacity, the redundant positions in 
the coding matrix can be used for implementation of auto 
matic error-bit correction to improve the robustness of the 
marker decoding. Following the coding convention stated 
above, the marker shoWn in FIG. 5(B) is coded as 4095b 
(Wherein the 12-bit number is 111111111111) and the marker 
shoWn in FIG. 5(C) is 1365a (e.g., 010101010101). 
[0047] With reference to FIG. 6, a method for detecting 
and decoding a matrix coded visual marker of an embodi 
ment of the present invention Will be described. 

[0048] Initially, a user equipped With a mobile computer 
having a camera coupled to the computer Will enter a 
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Workspace or environment that has the black/White matrix 
coded markers placed throughout. A video sequence of the 
environment including at least one marker Will be captured 
(step 602) to acquire an image of the marker. A Watershed 
transformation is applied to the image to extract insulated 
loW intensity areas and store their edges as closed-edge 
strings (step 604). The tWo closed-edge strings are found 
that have very close Weight centers to form a contour of the 
marker, i.e., 

Where, did- is the distance betWeen the Weight centers of the 
closed-edge strings i and j, dLhr is an adjustable threshold 
(step 606). An additional condition for the tWo closed-edge 
strings to be a candidate of a marker contour is 

< < else clowerl ;: lj :cupperli 

Where 1i and 1]- are the lengths (in number of edge points) of 
the edge strings, clower and cupper the coef?cients for the 
loWer and upper limit of the string length. For example, 
When the Width of the inner square is 0.65 times of the Width 
of the outer square, c1OWer=0.5 and cupper=0.8 can be chosen. 
In addition, another condition check can be applied to see 
Whether a bounding box of the shorter edge string is totally 
inside the bounding box of the longer edge string. FIG. 7 
shoWs an example of such candidate edge strings. 

[0049] For most conditions, there is no extreme projective 
distortion on the images of the markers. Therefore, the 
method can extract image points of the outer corners of a 
marker from the candidate edge strings (step 608). First, the 
points are sorted in the longer edge string to an order that all 
the edge points are sequential connected. Then, a predeter 
mined number, e.g., tWenty, of evenly distributed edge 
points are selected from the edge string that evenly divide 
the sorted edge string into segments. With no extreme 
projective distortion, there should be 4 to 6 selected points 
on each side of the marker. As for the case shoWn in FIG. 7, 
the cross point of straight lines ?tted using points 1 to 4 and 
points 5 to 8 Will be the ?rst estimation of the image 
correspondence of a corner point of the marker. The other 
corner points can be found similarly (step 610). 

[0050] Based on the corner points obtained from the 
previous step, the estimation of the image correspondences 
of the marker comer can be improved by using all the edge 
points of the edge string to ?t the lines and ?nd the cross 
points (step 612). The 1-D Canny edge detection method is 
then applied to ?nd the edge of the marker (step 614) and the 
?nal correspondences of the marker comers are computed. 
Once the marker has been detected, the image correspon 
dences of the circles in the coding matrix need to be 
identi?ed to determine the code of the marker. 

[0051] There are tWo Ways to extract the image correspon 
dences of the circles of the matrix for decoding (step 616): 
(1) Project the marker to the image With the ?rst estimation 
of a homography obtained from the correspondences of 
corner points cl,c2,c3 and c4. To get accurate back projec 
tion, a non-linear optimization is needed in the estimation of 
the homography. (2) To avoid the non-linear optimiZation, 
an approximation of the feature points can be approximated 
using linear interpolation. For this purpose, the interpolation 
functions of the 4-node-2-dimensional linear serendipity 
element from ?nite element method, as is knoWn in the art, 
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can be used. ShoWn in FIG. 8, the approximate image 
correspondence (u, V) of point (X, Y) can be obtained from: 

4 (3) 
14X, Y) = Z (Ni-(X, m) 

[:1 

4 

[:1 

Where the interpolation function Ni(X,Y) is expressed as 

for i=1, 2, 3, and 4. 

[0052] Then, the 1-D Canny edge detection is also applied 
to accurately locate the correspondences of the corners of 
the inner square. 

[0053] Once the circles of the matrix of a marker is 
determined, the code for the marker is derived as described 
above (step 618), for example, 4095b as shoWn in FIG. 6(B). 
Once the code has been determined, the code can be 
matched against a database of codes, Where the database Will 
have information related to the code (step 620) and the pose 
of the marker can be determined. Additionally, the centers of 
the black circles can be used as additional correspondences 
for camera calibration. For a marker using a 4x4 coding 
matrix, there can be up to 23 correspondences (i.e., the 
marker coded 4095a). 

[0054] By using the black/White matrix coded markers as 
described above, the marker detection and decoding is based 
on the image intensity only. Therefore, the detection and 
decoding are not a?fected by a color classi?cation problem, 
and stable decoding results can be obtained under various 
environments. For the purposes of detecting markers and 
?nding correspondences, only an 8-bit gray level image is 
needed, resulting in processing a smaller amount of data and 
achieving better system performance. Additionally, the 
black/White matrix coded markers provide a larger number 
of different coded markers, resulting increased coding ?ex 
ibility. 
[0055] In some applications, it’s not necessary to have a 
large number (e.g., tens of thousands) of distinctly coded 
markers but the marker decoding robustness is more impor 
tant. To increase the decoding robustness, error-correcting 
coding can be applied to the decoding of markers. For 
example, if using the 4x4 decoding matrix, up to 12 bits are 
available for marker coding. Without considering automatic 
error-correction, up to 12,288 different markers are avail 
able. According to the Hamming bound theorem, as is 
knoWn in the art, a 12-bit binary signal can have 25 =32 codes 
With the least Hamming distance of 5 (to Which a 2-bit 
automatic error correction can be applied). If only 1-bit 
automatic error correction coding is needed (the least Ham 
ming distance is 3), up to 28=256 codes With 12-bit coding 
is available. 

[0056] For example, assume the codes ‘000000001001’ 
and ‘000000000111’ are eligible codes from a set of codes 
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that have at least a Hamming distance of 3 betWeen any tWo 
of eligible codes. Then, by marker detection and decoding, 
a resulting code r=‘000000000011’ that is not in the set of 
eligible codes is obtained. There is at least 1 bit error in r. 
Comparing With all the eligible codes, the Hamming dis 
tance betWeen r and the second code, ‘000000000111’, is 1, 
and the Hamming distance betWeen r and the ?rst code, 
‘000000001001’, is 2. The Hamming distances betWeen r 
and any other legal code is larger than or equal to 3. 
Therefore, by choosing the eligible code that has the least 
Hamming distance to r, the 1-bit error can be automatically 
corrected and the ?nal decoding result is then set to 
‘000000000111’, Which is the second code. 

[0057] The marker systems of the present invention can 
obtain accurate (sub-pixel) correspondences of more than 4 
co-planar points using one marker or a set of markers in the 
same plane. Since the metric information of the feature 
points on the markers are knoWn, there are tWo cases When 
the information can be used to carry out camera calibration: 
(i) to obtain both intrinsic and extrinsic camera parameters; 
(ii) pose estimation, i.e., When the intrinsic camera param 
eters are knoWn, to obtain the extrinsic parameters. In the 
?rst case, a homography-based calibration algorithm can be 
applied. For the second case, either the homography-based 
algorithm or a conventional 3-point algorithm can be 
applied. In many cases, the camera’s intrinsic parameters 
can be obtained using Tsai’s algorithm, as is knoWn in the 
art, or the homography-based algorithm. 

[0058] The coded visual markers of the present invention 
can be used in many applications, for example, for local 
iZation and data navigation. In this application, a user is 
equipped With a mobile computer that has (Wireless) net 
Work connection With a main system, eg a server, so the 
user can access a related database. There is a camera 

attached to the mobile computer, for example, a SONY 
VAIOTM With a built-in USB camera and a built-in micro 
phone or XybemautTM mobile computer With an plug-in 
USB camera and microphone. The system can help the user 
to locate their coordinates in large industrial environments 
and present to them information obtained from the database 
and the real-time systems. The user can interact With the 
system using keyboard, touch pad, or even voice. In this 
application, the markers coordinates and orientation in the 
global system are predetermined, the camera captures the 
marker and the system computes for the pose of the camera 
related to the captured marker, and thus obtain the position 
and orientation of the camera in the global system. Such 
localiZation information is then used for accessing related 
external databases, for example, to obtain the closest vieW of 
an on-site image With a 3-D reconstructed virtual structure 
overlay, or present the internal design parameters of a piece 
of equipment of interest. Additionally, the localiZation infor 
mation can also be used to navigate the user through the site. 

[0059] Furthermore, the coded visual markers of the 
present invention can be employed in Augmented Reality 
(AR) systems. A head mounted-display (HMD) is a key 
component to create an immersive AR environment for the 
users, i.e., an environment Where virtual objects are com 
bined With real objects. There are usually tWo kinds of 
HMDs, optical-see-through HMD and video-see-through 
HMD. The optical-see-through HMD directly uses a scene 
of the real World With the superimposition of virtual objects 
projected to the eye using a projector attached to eyeglasses. 
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Since the real-World is directly captured by the eye, it 
usually requires the calibration of the HMD With the user’s 
eyes to obtain good registration betWeen the virtual objects 
and the real World. In addition, it also requires better motion 
tracking performance to reduce the discrepancies betWeen 
the real and virtual World objects. The video-see-through 
uses a pair of cameras to capture the scenes of the real-World 
Which is projected to the user. The superimposition of virtual 
objects is performed on the captured images. Therefore, only 
the camera needs to be calibrated for such AR processes. 
With the real-time detection and decoding features of the 
present invention, the coded markers described above are 
suitable for motion tracking and calibration in the HMD 
applications for both industrial and medical applications. 

[0060] While the invention has been shoWn and described 
With reference to certain preferred embodiments thereof, it 
Will be understood by those skilled in the art that various 
changes in form and detail may be made therein Without 
departing from the spirit and scope of the invention as 
de?ned by the appended claims. 

What is claimed is: 
1. A method for determining a pose of a user comprising 

the steps of: 

capturing a video image sequence of an environment 
including at least one coded marker; 

detecting if the at least one coded marker is present in the 
video images; if the at least one marker is present, 
extracting feature correspondences of the at least one 
coded marker; 

determining a code of the at least one coded marker using 
the feature correspondences; and 

comparing the determined code With a database of pre 
determined codes to determine the pose of the user. 

2. The method as in claim 1, Wherein the at least one 
marker comprises a coding matrix including a plurality of 
columns and roWs With a numbered square at intersections 
of the columns and roWs, the coding matrix being sur 
rounded by a rectangular frame and a code of the at least one 
marker being determined by the numbered squares being 
covered by a circle. 

3. The method as in claim 2, Wherein the coding matrix 
includes m columns and n roWs, Where m and n are Whole 

number, resulting in 3><2m"n_4 codes. 
4. The method as in claim 2, Wherein the detecting step 

further comprises applying a Watershed transformation to 
the at least one coded marker to extract a plurality of 
closed-edge strings that form a contour of the at least one 
marker. 

5. The method as in claim 4, Wherein the detecting step 
further comprises locating at least tWo closed-edge strings 
that have close Weight centers. 
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6. The method as in claim 5, Wherein the detecting step 
further comprises locating a comer of the rectangular frame 
of the at least one marker by determining a cross-point of the 
at least tWo closed-edge strings. 

7. The method as in claim 4, Wherein the detecting step 
comprises locating corners of the rectangular frame of the at 
least one marker by locating cross-points of the plurality of 
closed-edge strings. 

8. The method as in claim 7, Wherein the extracting step 
further comprises applying a l-d Canny edge detection to 
locate the edge points of the rectangular frame. 

9. The method as in claim 8, Wherein the extracting step 
further comprises computing a homography from the cor 
ners and edge points; extracting image feature correspon 
dences of the at least one marker; and determining locations 
of the circles in the coding matrix by the image correspon 
dences. 

10. The method as in claim 9, Wherein the extracting 
image feature correspondences is performed by linear inter 
polation. 

11. The method as in claim 9, further comprising the step 
of calibrating a camera used to capture the video image 
sequence With the image correspondences of the least one 
marker. 

12. The method as in claim 11, further comprising the step 
of determining a position and orientation of the camera 
relative to the at least one marker. 

13. A system comprising: 

a plurality of coded markers located throughout an envi 
ronment, each of the plurality of coded markers relating 
to a location in the environment, codes of the plurality 
of coded markers being stored in a database; 

a camera for capturing a video image sequence of the 
environment, the camera coupled to a processor; and 

the processor adapted for detecting if at least one coded 
marker is present in the video images, if the at least one 
marker is present, extracting feature correspondences 
of the at least one coded marker, determining a code of 
the at least one coded marker using the feature corre 
spondences, and comparing the determined code With 
the database to determine the pose of the user. 

14. The system as in claim 13, Wherein the at least one 
marker comprises a coding matrix including a plurality of 
columns and roWs With a numbered square at intersections 
of the columns and roWs, the coding matrix being sur 
rounded by a rectangular frame and a code of the at least one 
marker being determined by the numbered squares being 
covered by a circle. 


